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Plasma at such high temperatures emits soft X rays through the interactions of free 
electrons with the nuclei (primarily protons) of the plasma. This radiation is called 
bremsstrahlung (from the German word meaning "braking radiation") since the 
radiation is produced as the electrons are deflected in the Coulomb field of the ions. 
 
This type of emission from a plasma at a given temperature has a characteristic 
continuum spectrum that falls off exponentially with increasing energy, the 
e-folding energy being a measure of the temperature of the plasma. In an 
inhomogeneous plasma with a distribution of temperatures, more complicated 
spectral shapes are possible. Detailed spectral measurements of this emission can be 
used to determine the distribution of emission measure over temperature for the 
plasma in the emitting volume.  

bremsstrahlung animation



The X rays and gamma rays are produced by several different processes with the 
result that a complex spectrum is produced involving both line and continuum 
emission. A composite spectrum of a large flare is shown in the figure below, 
where the contributions to the total emission are indicated in the different energy 
ranges. The longer wavelength or softer X rays from less than 1 keV to several 
tens of keV are produced by hot plasma with a temperature of at least 710  K (and 
possibly as high as several times 810  K in some cases).  

T=2x107 T=4x107

Thermal 
bremsstrahlung

Non-thermal 
bremsstrahlung

Positron and 
nuclear γ-ray lines



Magnetic Free Energy

The amount of magnetic energy above the potential energy that 
is stored and available for solar energetic events (flares, CMEs).

The total magnetic energy is calculated using full vector field 
measured on the surface, and assuming the force-free 
approximation (jxB=0).

Potential magnetic field is calculated using line-of-sight (vertical) 
magnetic field component measured on the surface, and 
assuming  the current-free approximation (j=0).

The magnetic free energy is calculated by subtracting the 
potential energy from the total magnetic energy.



Flare energetics

Aschwanden, 2014-17

Epot =1031 - 4 x1033 erg

Efree/Epot=0.01-0.25



Flare energetics
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Global Coronal 
Response to 
Flare+CME eruption

Utilize multiple EUV 
channels’ sensitive 
thermal response



Observations – two-ribbon flare picture 
Flares release energy in many forms - electro-magnetic (Gamma rays 
and X-rays), energetic particles (protons and electrons), and mass 
flows. Solar flares are often observed using H-alpha 6563 Angstrom 
filters. Most solar observatories have H-alpha telescopes and some 
observatories monitor the Sun for solar flares by capturing images of 
the Sun every few seconds.  



The image at the lower left shows a powerful flare observed on the disk of the Sun on August 7th, 
1972. This is an example of a "two-ribbon" flare in which the flaring region appear as two bright 

lines threading through the area between sunspots within a sunspot group  





Solar flares occur near sunspots, usually along the dividing line 
(neutral line) between areas of oppositely directed magnetic fields.  
The two-ribbon structure is associated with footpoints of a magnetic 
arcade. 

An EUV image of a solar flare of July 14, 2000, obtained by TRACE in 171Å  line. The flare started 
at 10:10 UT.  



An EUV image of postflare loops in 171Å  line.  





Flares and magnetic fields 
The key to understanding and predicting solar flares is the structure of the magnetic 
field around sunspots. If this structure becomes twisted and sheared then magnetic 
field lines can cross and reconnect with the explosive release of energy. In the image 
to the left the blue lines represent the neutral lines between areas of oppositely 
directed magnetic fields. Normally the magnetic field would loop directly across 
these lines from positive (outward pointing magnetic field) to negative (inward 
pointing magnetic field) regions.  

Magnetic field structure in a solar flare of 
June 10, 1991. The solid lines are "neutral 
lines" that separate areas with opposite 
magnetic polarity (positive from negative or 
north from south). The tickmarks point in 
the direction of the horizontal, or transverse, 
component of the magnetic field. Normally 
the transverse field is directed across (or 
perpendicular to) the neutral lines so that the 
magnetic field lines travel from the positive 
polarity regions directly to the negative 
polarity regions. In this example we see 
several areas where the tickmarks are 
directed almost parallel to the neutral lines. 
The magnetic field is said to be sheared in 
these regions. The corresponding H-alpha 
image is in the background.  





A soft X-ray image of a solar flare from YOHKOH 



During a large solar flare, the X-ray and gamma-ray flux is 
observed to increase by many orders of magnitude over preflare 
levels. Indeed, preflare fluxes are not detectable at energies 
above 10 - 20 keV. The time profile at several different energies 
for a large flare on 6 March, 1989, is shown below.  

Preflare phase Impulsive phase Gradual phase Decay phase

Flare Phases



The following different stages can be recognized from this plot:  
1. The preflare stage from about 13:50 to 13:56 UT in which the soft 
X-ray emission gradually increases but little if any hard X rays or gamma 
rays are detected above the instrumental background level.  

Preflare phase



2. This is followed by the so-called impulsive phase in which the hard 
X-ray and gamma-ray emission rises impulsively, often with many short 
but intense spikes of emission, each lasting a few seconds to tens of 
seconds. The soft X-ray flux rises more rapidly during this phase with its 
time profile roughly matching the time integral of the hard X-ray profile 
in many cases.   

Impulsive phase



3. After about 14:06 UT the gradual phase begins, and the hard X-ray and 
gamma-ray fluxes start to decay away more or less exponentially with a 
time constant of minutes. The soft X-ray flux continues to rise to a later 
peak and then it too falls exponentially but with a significantly longer 
time constant, sometimes as long as several hours.  
 

Gradual phase



4. In this particular flare, a second phase of hard X-ray and gamma-ray 
emission occurs after about 14:10 UT in which the fluxes vary more 
gradually than during the impulsive phase. This later, more gradual phase 
of high energy emissions is not detected in most flares. Note that the soft 
X-ray flux continues to fall smoothly during this decay phase.  

decay phase



The Neupert Effect: The soft X-ray curve corresponds to the integral of the 
hard X-ray curve.  

The Neupert Effect. This shows 
the soft X-ray light curve of the 
flare (from the GOES soft 
channel), together with the hard 
X-ray light curve from 
CGRO/BATSE. The BATSE 
"channel 1" counts (nominally 
25-50 keV) are roughly 
equivalent to the Yohkoh HXT 
M2 channel (nominally 33-53 
keV). The GOES light curve is 
normalized arbitrarily to BATSE. 
The Neupert effect simply notes 
that the hard X-rays occur during 
the rise phase of the soft X-rays. 
This general pattern is what one 
would expect if the hard X-ray 
flux somehow accompanied the 
energy release phase in the flare, 
when the hot plasma is building 
up in the coronal loops.  

Hard X-ray flux

Soft X-ray flux



Sympathetic Solar Flares
Trigger sympathetic eruptions



A variety of evidence suggests that the energy release mechanism in flares is 
fragmentary, involve multiple small-scale energy release events that trigger one 
another. Large numbers ( 410∼  ) of microwave spike bursts are observed in some 
flares, which may correspond to individual energy release events.   

Hundreds of decimetric (type III) radio bursts produced during a flare by 
electrons moving down in the corona.  
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Solar flares – standard model

32
Holman (2012)



Theoretical Models 
It is difficult to explain the rapid release of 
magnetic energy in flares because the diffusion 
timescale is enormously long for values of the 
coronal conductivity and length scales typical of 
active regions. Two possible solutions to this 
problem are first that energy release occurs 
where the spatial scale for variation of the 
magnetic field is small, and second that the 
resistivity of coronal plasma may be enhanced by 
plasma instabilities.  
 
Arcade-type flares are often explained in terms 
of a “standard model” involving reconnection 
occurring high in the corona. The figure below 
shows a variant of the standard model, due to 
Sturrock. The evidence for reconnection high in 
the corona is that gradual flares often involve 
cusped soft X-ray loops, suggestive of a 2-D 
current sheet configuration above the loops. The 
spreading of H-alpha ribbons is also naturally 
explained in terms of reconnection at a rising 
location in the overlying corona.  



Small flares are thought to be caused by reconnection with new emerging flux.  

 The Emerging Flux Model of Heyvaerts et al. (1977) for a small flare. (a) is the preflare phase when 
the emerging flux slowly reconnects with the overlying field. Slow-mode shocks (dashed lines) radiate 
from a small current sheet and heat the plasma that passes through them (striped region). (b) is the 
impulsive phase caused by the onset of turbulence and anomalous resistivity in the current sheet 
when it reaches a critical height. The electric field generated by the sudden enhancement in the 
reconnectionrate accelerates the particles, which produce hard X-rays and type III radio bursts. In 
the main phase (c) quasi-steady reconnection leads to extensive heating.  



Recently there has been considerable interest in three-dimensional reconnection. In this 
generalization, current sheets are replaced by topologically significant sites in a magnetic 
field configuration. Attempts to apply 3-D reconnection to flares typically begin with the 
modelling of the topology of fields in active regions.  

Reconstruction of a solar flare model from YOHKOH observations of a limb flare.  



Recent development – models and observations of “slipping” 
reconnection: the footpoints of reconnecting magnetic lines “slip” along 
the flare ribbons of a “J-shape” that is formed by a overlying flux rope 
(Javier, et al, 2014, ApJ, 788:60, 1)
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Solar flares – outstanding questions

38

1. How is energy built up and stored?
An X-class flare: 1031 - 1032 erg, magnetic energy
� Magnetic flux emergence, footpoint motion

2. How is energy released explosively?
� Magnetic reconnection

3. How are particles accelerated? 

The “number problem”:
(1) Thick-target flare model: 
Requires 1037 electrons/s > 20 keV

(2) L = 10 Mm= 109 cm, V = L3 = 1027 cm3, n =1011 cm-3, N = n V

=1038 electrons;
The whole flare region will be depleted in 10 s! – Big puzzle, as 

flare hard X-ray bursts can last up to ~ 1 hour!



Energization and Particle acceleration mechanisms in solar flares
Magnetic Reconnection is key! 

1) Electric Fields // B
Hard to maintain large-scale E-field, 
runaway particles lead to turbulence

2) Shock:   1st order Fermi, as momentum 
change,

the most likely scattering agent is 
turbulence, so 2nd order energy gain 
rate: 

3) Stochastic Acceleration (2nd order Fermi)
and scattering by turbulence or 
plasma waves, energy gain rate: 

w

Holman (2012)

Key evidence:
3He enhancement vs. 4He in some solar 
energetic particles (SEPs; S. Liu+2004,2006) 



Mechanisms of Particle Acceleration 
There are three main mechanisms of particle acceleration that may work in solar flares:  

• direct acceleration by electric field in current sheets  
• stochastic acceleration  
• acceleration in shock waves  
•  

Acceleration by electric field – effect of runaway  
 
We consider particle motions in a fully-ionized plasma in an electric field, E :  
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then there is no stationary mean velocity; the particles continuously accelerates ("run-away 
electrons"). The critical electric field 

D
E  is called Dreicer field.  

The electric field in the reconnection current sheets can exceed 
D

E .  
 



Stochastic acceleration by plasma turbulence 
 
Consider stochastic acceleration by fluctuating electric field (Sturrock, 1966). 
Considering only one dimension, we may write  
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We now represent the trajectory of a test particle by  
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so that the equation of motion becomes  
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We now suppose that the electric field is weak and expand the trajectory in powers of the 
electric field strength:  
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where 0x  and 0v  are the initial values for x  and v .  
Substituting the expansion into the equation of motion and separating terms of the equal 
order we obtain  
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We assume that the fluctuating electric field is statistically uniform in time and space, so 
that the correlation (quadratic average)  
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where ( )R ξ τ,  is the correlation function.  
The change in velocity over a time interval t  is given, to the first order, by:  
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Assuming that the time is long compared with the correlation time of the electric field, we 
obtain  
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The particle will "diffuse" in velocity space, and can gain high energy. 
Stochastic acceleration is a random walk process in the velocity space. 



The only important point needed to understand this process is that the fluid velocity 
changes across the shock. Imagine a fast particle, with speed 1v u>>  , in the upstream plasma 
about to cross the shock and enter the downstream plasma. MHD waves can efficiently 
scatter fast particles, and these waves are convected along with the plasma. MHD waves in 
the downstream plasma are therefore moving at the fluid speed 2u  , and so our fast particle 
sees these scattering centers approaching it head on, as shown in figure (a). When the 
particle enters the downstream plasma and is scattered, its energy is increased because the 
reflection is head on. In effect the scattering centers act like particles with infinite mass, so 
that the reflection is analogous to that from a moving wall. Now consider a particle in the 
downstream plasma about to cross the shock and enter the upstream plasma. As viewed 
from the downstream plasma, the upstream plasma is flowing toward the particle, as 
illustrated in figure (b). The scattering centers in the upstream plasma are again 
approaching the particle. As before, when the particle crosses the shock and is scattered, 
the scattering is head on and so causes an increase in the particle energy.  
 

Fermi acceleration 
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Flare radiation and 
current space missions

Hinode



Wei Liu @Stanford-
Lockheed
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1) Evidence of Magnetic 
Reconnection
Reconnection Inflows in a long 
duration flare cusp in a vertical current 
sheet trailing a CME

Red 193 Å, Fe XII (T~1.6 MK)
Green 335 Å, Fe XVI (~2.8 MK)
Blue 94 Å, Fe XVIII (~ 7.1 MK)



Wei Liu @Stanford-
Lockheed
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Reconnection inflows in space-
time, vin=4 km/s, vA~1000 km/s, 
Reconnection rate:
vin/vA=0.004

D
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Fe XII, 193 Å, T~1.6 MK

Fe XVI, 335 Å, T~ 2.8 MK



Wei Liu @Stanford-
Lockheed
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Bi-directional reconnection 
outflows: plasmoid ejections, 
contracting loops (Liu et al. 2013)



Wei Liu @Stanford-
Lockheed
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“Turbulent” reconnection outflows – flares 
tadpoles: supra-arcade downflows (SADs; 
e.g., McKenzie+2013; Liu+2013; ApJ)

Rayleigh-Taylor instability in reconnection 
exhausts (Guo, Huang et al. 2014 ApJ; 

cf. Cassak et al. 2013 ApJ)



Wei Liu @Stanford-
Lockheed
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X-ray/EUV source motions RHESSI contours on AIA 131 Å 
images

Above-the-loop-
top source (e.g., 
Masuda 1994):
Evidence of 
stochastic 
acceleration, 
turbulence can 
trap and 
accelerate 
particles
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Heating + acceleration in reconnection 
outflow regions

Temperature map

•HXR Centroid near EM peak, below 
highest-T region that is again below 
the reconnection site



Legs FPsLT

high-density loop resulting from 
chromospheric evaporation

(Liu et al. 2006, ApJ)

2) Chromospheric 
Evaporation

Leg emission and its upward 
motion along loop – imaging 
chromospheric evaporation



Coupling Result: Hydrodynamics
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Data: Doppler shifts – Milligan & Dennis (2009);
Model – Liu et al. (2009); 

cf. Rubio da Costa + Liu et al. (2015)

Downward pressure 
pulse – flare triggered 
sunquakes

(Kosovichev 2006)

Simulations fit observed 
temperature distribution 
of up- and downflow
velocities 
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IRIS (Interface Region Imaging Spectrograph, June 2013)



Wei Liu @Stanford-
Lockheed
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IRIS Observations of an X-class flare (H. Tian+ 2015, ApJ



Wei Liu @Stanford-
Lockheed
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Solar flares and other high-energy processes in the universe 


